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HIGHLIGHTS 


• A GIS based intermodal biomass transport model was developed for the European Union. 

• It was linked to the renewable energy model Green-X updated with biomass trade. 

• Scenarios of renewable energy deployment in the EU27 to 2020 were assessed. 

• Domestic biomass resources will remain the largest source of bioenergy (over 90%). 

• But increasing amounts of solid biomass will be traded (up to 506 PJ in 2020). 
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This article describes the development of a geographic information systems (GIS) based biomass transport 
analysis tool BIT-UU used in combination with the European renewable energy model Green-X. BIT-UU 
calculates cost and GHG emissions from lowest cost routes, using intermodal transport (by road, rail, 
inland waterways and sea) between origins of supply and demand destinations. With the developed bio¬ 
mass trade module in Green-X, the role of bioenergy can be evaluated in the larger context of renewable 
energy deployment. The modeling framework takes into account the current and future energy policies at 
EU and country levels, competition with alternative sources of renewable energy (e.g. photovoltaic, wind) 
and sectors (electricity, heat, transport fuels) as well as competition between EU member states for the 
same biomass resources. Scenario projections to 2020 are used to demonstrate the developed modeling 
framework. According to these scenarios, biomass from domestic supply remains the most important 
source of bioenergy (91-93% in 2020). However, the role of traded solid biomass will become increasingly 
important. With a business as usual scenario, assuming continuation of current renewable energy policies 
to 2020, the binding renewable energy targets will not be achieved, but trade of solid biomass will still 
increase up to 451 PJ in 2020. In the scenario that meets the conditions to achieve the 20% renewable 
energy target in 2020, traded solid biomass is projected to increase to 440 PJ if sustainability criteria 
are applied (minimum GHG saving) and 506 PJ without these sustainability regulations. Because imports 
of solid biomass from outside the EU are projected to become larger than intra-EU trade in the scenarios, 
the scenarios show the importance of improving the representation of extra-EU biomass sources and trade 
in the modeling framework. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

The substitution of fossil energy carriers by renewable sources of 
energy has become one of the key challenges to mitigate greenhouse 
gas (GHG) emissions and to improve energy supply security by 
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diversification and reducing dependencies on imported fossil energy 
carriers. Especially in the European Union (EU), where member 
states have agreed on binding targets for renewable energy genera¬ 
tion, as laid down in the renewable energy directive (RED) 2009/EC/ 
28 [1 ]. These country specific targets are aimed to increase the share 
of renewable energy in total gross final energy consumption in the 
EU to 20% in 2020. The trajectories of how EU member states project 
to achieve these binding targets have been published in the National 
Renewable Action Plans (NREAPs) in 2011. According to the NREAPs, 
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bioenergy will remain the largest source of renewable energy in the 
EU to 2020. In 2020, over 54% of renewable energy is projected to be 
generated from biomass resources [2] providing almost 12% of gross 
final energy consumption in the EU [3], Therefore, bioenergy gener¬ 
ation has to increase with 44% between 2010 and 2020 with 90% 
growth in biobased electricity, 22% in production of heat from bio¬ 
mass and 129% in biofuels [2], 

Residential biomass energy systems mainly use domestic bio¬ 
mass resources. However, the largest growth is anticipated in indus¬ 
trial sectors such as combined heat and power (CHP) or electricity 
generation in co-firing or dedicated electricity plants. These sectors 
have become increasingly dependent on imported biomass, in par¬ 
ticular wood pellets [4-6], Imports of wood pellets in the EU 
increased from 1.9 Tg in 2009 to 4.6 Tg in 2012 and are foreseen to 
increase to 15 Tg to 30 Tg in 2020 depending on economic factors, 
policies and the availability of domestic biomass resources [4-6]. 
Bioenergy is a renewable, but not infinite source of energy and with 
the increasing demand and international trade of bioenergy, safe¬ 
guarding the production and use of biomass in a sustainable way 
has become increasingly important [7], Imports of biomass from 
third countries or from other EU member states, could improve 
the cost-effectiveness of renewable energy generation as well as 
supply security. On the other hand, it could as well shift import 
dependencies from fossil resources towards bioenergy [8], Although 
many EU member states consider increasing imports of biomass, so 
far few EU member states have quantified the expected amounts of 
imported biomass. Likewise few countries have indicated possible 
countries to import from in their national renewable action plans 
(NREAPs) [9], This can be explained by uncertainties in the volumes 
available, costs, the impact of sustainability criteria, the demand in 
other sectors and competing importing regions and the competition 
of bioenergy with other renewable energy technologies. 

To assess the potential role of biomass at the EU level, an integral 
analysis is required that encompasses the complexities of interna¬ 
tional biomass supply and biomass demand markets. These include 
consequences of policy choices and the application of policy instru¬ 
ments, the dynamic characteristics of the future biomass supply 
potentials and costs, international competition for resources with 
food, feed and fiber markets and developments in agriculture and 
bioenergy conversion systems as well as developments in other 
renewable energy systems. Only few studies assess bioenergy trade 
flows triggered by possible fluctuations in domestic supply and 
demand of bioenergy sources [10], Furthermore, these studies tend 
to generalize the representation of costs, energy requirements and 
GHG emissions of logistic operations [11] and lack infrastructure 
specifications and geo-spatial features [12], Studies that do include 
logistic operations of biomass in more detail are often limited to 
specific regions and production systems [13-17] or individual ship¬ 
ping routes [18-20], Transport is a crucial component of the bio¬ 
mass supply chain and can add substantially to the total cost and 
GHG performances depending on the geographic locations of supply 
and demand as well as available transport networks [12], e.g. sea 
ports or inland waterways in land locked regions. So far, the most 
comprehensive evaluation of bioenergy in the EU with biomass 
trade is provided in van Stralen et al. [2], Van Stralen et al. [2] used 
the biomass potentials available from the Biomass Futures project 
[21] and the RESolve models to assess the feasibility of bioenergy 
in the NREAPs and possible biomass trade. Biomass trade in RESolve 
is based on distances between countries in Europe and the related 
fixed handling and variable transport costs of road, rail or short 
sea shipping. Biomass supply from outside Europe is aggregated in 
a single supply node [22], 

The main objective of this article is to describe the structure, 
methodology and related data requirements of a geographic 
explicit modeling framework to assess supply, demand and trade 
of solid biomass in the EU27. To demonstrate the modeling 


framework developed, scenarios of renewable energy support pol¬ 
icies and GHG sustainability criteria are assessed for the EU27 to 
2020. For this purpose, Green-X, a partial equilibrium model of 
the (renewable) energy sector, has been extended with an interna¬ 
tional biomass trade module. The cost and GHG emissions from 
logistic operations to move biomass from the sources of biomass 
supply to end use destinations, including handling, storage, pre¬ 
processing and transport have been calculated using the Geo¬ 
graphic Information Systems (GIS) based Biomass Intermodal 
Transportation (BIT-UU) model 1 [18,23,24], Consequently, the bio¬ 
mass trade module in Green-X model combined with the BIT-UU 
model enables the evaluation of renewable energy scenarios taking 
into account biomass trade as well as sector, commodity and country 
specific GHG criteria of biomass logistics specific to the biomass 
trade routes. 


2. Methodology 

2.1. Characterization of Green-X 

Green-X is a dynamic toolbox originally developed to analyze 
how cost-effective deployment of renewable electricity and CHP 
in Europe can be organized [25], but the current version also 
includes a detailed characterization of transport and heat sectors, 
their potentials and as well as renewable energy policy descrip¬ 
tions at member state level using country profiles [26], The model 
covers the EU27, but can be extended to other countries, e.g. Croa¬ 
tia, Norway and Turkey. With Green-X, future deployment of 
renewable energy can be evaluated with energy policy instruments 
(e.g. quota obligations, feed-in tariffs, tax incentives, investment 
incentives and emission trading). Future scenarios can be manipu¬ 
lated, e.g. to meet the binding renewable energy targets to 2020 in 
a cost efficient way [25,27], Green-X calculates the deployment of 
renewable energy at country and technology level and associated 
capital expenditures, consumer expenditures and fossil fuel and 
GHG avoidance compared to the reference scenarios on a yearly 
basis in detail up to 2020 and with outlooks to 2030. 

Green-X includes detailed representations of renewable energy 
policies which have been updated to 2011 based on the renewable 
energy country profiles in Teckenburg et al. [26], The impact of pos¬ 
sible combinations and interaction of policy instruments can be 
evaluated taking into account the dynamics of technological learn¬ 
ing and technology diffusion, final energy demand and energy prices. 
Technology diffusion, following S shaped curves, can be altered by 
the parameterized mitigation of non-economic barriers. Technolog¬ 
ical learning and the technology diffusion characteristics, as applied 
in Green-X, are discussed in detail in Hoefnagels et al. [28]. 

Projections of the conventional (fossil) energy generation mix, 
the final and primary energy demand and related C0 2 intensities 
by sector and fossil fuel prices are exogenously applied to the 
Green-X model. For reasons of consistency with EU energy assess¬ 
ment studies and outlooks, the PR1MES2F 2 Baseline [29] and 
PRIMES High Renewables scenario projections have been used 
(Table 4). The PRIMES High Renewables scenario is, amongst others, 
used in the Energy Roadmap 2050 [30], Input parameters specific to 
renewable energy systems (RES) are based on Green-X. Biomass 
trade parameters are specified in this analysis. 


1 Both the international solid biomass trade module and the BIT-UU model were 
developed within the Re-Shaping project [23], a projected supported by the 
' intelligent Energy Europe” program of the European Commission, Executive Agency 
for Competitiveness and Innovation, and co-funding received through IEA Bioenergy 
Task 40 [24], 

2 PRIMES is an agent based, price driven energy system model 35 countries in 
Europe and widely used in European energy assessment and outlook studies by the 
European Commission [29], 
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2.2. Model set-up for biomass trade specifications 

To calculate biomass trade endogenously in the Green-X model¬ 
ing framework, an intra-European biomass trade module was 
added to allow each individual member state to compete for the 
biomass resource potentials available in the EU27 (Fig. 2). Sec¬ 
ondly, biomass sustainability restrictions can be specified includ¬ 
ing threshold values for minimum GHG savings. The GHG saving 
potential depends on the source of biomass, the supply chain and 
end conversion type. The GHG saving performance of CHP plants 
is often better than stand-alone electricity generation. It is there¬ 
fore possible that biomass can meet the restrictions applied if used 
for CHP, but not for standalone electricity as calculated endoge¬ 
nously in Green-X. Furthermore, small scale generation of heat 
and electricity (<1 MW) can be exempted from these criteria in 
the Green-X model. Fig. 1 shows the model set-up of the extended 
Green-X model with intra-European solid biomass trade and with 
sustainability criteria. 

Green-X is comprised of a series of input databases and scenario 
information and framework conditions linked to the Green-X cal¬ 
culation tool (see Fig. 1, arrow (a)). The Green-X biomass database 
includes the potentials and cost of biomass supply at country level 
in Europe as well as possible wood pellet supply via third country 
imports. The biomass trade module developed in this study uses 
the same biomass database, but for each tradable commodity 
(excluding mainly gaseous biomass), time period and possible 
route of intra-European biomass trade, the biomass trade module 
adds the cost and GHG emissions implied by the logistic operations 
required (b). Green-X calculates the combined cost and revenues 


for each possible bioenergy resource and conversion system com¬ 
binations allowed within the policy framework conditions. These 
scenario conditions change over time and include for example sup¬ 
port incentives for heat and electricity generation and non-eco- 
nomic barriers that hamper the deployment of renewable energy 
technologies. For non-EU resources of biomass, the supply poten¬ 
tials are split by country of origin, reflecting differences in feasible 
import volumes, costs and specific GHG emissions that are associ¬ 
ated with land use change, harvesting and transport to the EU. The 
extended Green-X model can model competition of biomass supply 
and demand at the country level as well as competition between 
EU member states affected by country and sector/technology spe¬ 
cific support incentives for heat and electricity generation and 
competing renewable energy technologies (c). 

The additional costs and GHG emissions associated with bio¬ 
mass trade are specific per biomass commodity and specific 
between countries. The cost and GHG emissions of logistic opera¬ 
tions required are calculated with the GIS based BIT-UU model. 
B1T-UU is an analysis toolset developed with ESRI’s ArcGIS Net¬ 
work Analyst extension [31] using geographic databases (f) com¬ 
bined with spreadsheet based input assumptions (e). The BIT-UU 
model uses the OD cost matrix analysis tool of ESRI’s ArcGIS Net¬ 
work Analyst extension [31 ] to calculate the least cost routes and 
associated GHG emissions for all possible origins of biomass supply 
to all destinations of biomass demand (g) and added to the domes¬ 
tic biomass supply input data (d). The BIT-UU model includes 
intermodal transport networks representing actual transport net¬ 
works of road, rail, inland waterways and sea and possible transfer 
hubs (intermodal terminals). 
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2.3. Biomass supply 

2.3.1. EU Biomass supply and locations 

Resources of biomass for bioenergy included in Green-X assume 
actual production, import and use categories and costs to 2030, 
also referred to as ‘implementation-economic biomass potential’ 
[32,33], A detailed discussion of the biomass resource potentials 
in Green-X compared to other resource assessments is provided 
in the supplementary information and in Hoefnagels et al. [28], 
The future cost of the different biomass feedstock categories as 
used in the model reflect correlations between developments in 
crude oil prices and feedstock-specific production costs. Fig. 2 
shows the Green-X potential for bioenergy that stems from solid 
biomass in the EU27 per feedstock type as used in this analysis. 
Sources of solid biomass in Green-X include energy crops (AP), 
agriculture residues (AR), forestry products (FP), forestry residues 
(FR) and the biodegradable fraction of municipal solid waste 
(BW). The total supply potential of domestic biomass in the EU27 
is estimated to increase from 6.5 EJ in 2005 to 9.7 EJ in 2020. 
Growth in bioenergy supply is mainly driven by dedicated energy 
crops, of which the total supply increases with 66% between 2010 
and 2020. The strongest growth is assumed for lignocellulosic 
energy crops (short rotation coppice, miscanthus, switchgrass). 
The average cost and cost ranges of lignocellulosic biomass supply 
per feedstock category are provided in Table 5. 

Because biomass in Green-X is specified to the country level, the 
database is combined with the geographic biomass potentials at 
the NUTS2 level of dedicated energy crops (both herbaceous and 
short rotation coppice) from the REFUEL project5 [36-38] to esti¬ 
mate the distributed supply within each country. For forestry prod¬ 
ucts and residues, the fraction of forest cover at the NUTS2 level 
relative to the forest cover per country is used to estimate the geo¬ 
graphic distribution using EUROSTAT data [39], The geographic 
distribution per biomass type is shown in Fig. 4. 


Korea and Japan), might become increasingly important in the 
future [40], these exporting countries are expected to remain 
export-oriented to Europe up to 2020. Furthermore, additional 
supply from short rotation coppice is anticipated from countries 
that have pulp wood plantations established in South America 
(Brazil, Uruguay) and Africa (West Africa, Mozambique). In North¬ 
west Russia, developments in wood pellet supply markets have 
been erratic, but might still grow substantially with large private 
investments [4], Furthermore, a large supply potential of agricul¬ 
ture products and agriculture residues has been identified in 
Ukraine [37], Currently, only wood pellets from agriculture resi¬ 
dues are exported from Ukraine (sun flower husk are exported 
from Ukraine to Poland [41]) and the potential of energy crops 
remains untapped. 

In total, the potential supply of extra-EU biomass supply for the 
EU27 is projected to increase to 560 PJy 1 primary biomass in 
2020, equivalent to 32 Tg y -1 wood pellets. It should be noted that 
the supply potential, as considered in the scenarios in this article, is 
relatively high compared to other studies. For example, in Lamers 
et al. [42], the total supply potential of extra-EU solid biomass 
available for the EU27 is anticipated to increase to 17.5 Tg in 
2020. Also Goh et al. [4] show that, in a business as usual scenario, 
the supply potential of solid biomass might be substantially lower 
(269 PJ in 2020). 

The estimated cost of solid biomass imports to Europe are based 
on CIF ARA spot prices of wood pellets at 125 €2010 Mg 1 (net cal¬ 
orific value: 18 MJ kg 1 ) [41], After correction for inflation to the 
cost base year of Green-X (2006), solid biomass import prices are 
assumed to be 6.3 6GJ 1 in 2010 increasing to 7.2 € 2006 GJ 1 in 
2020 as a result of increasing crude oil prices in the scenarios. 
Future price effects from market developments, the availability of 
biomass resources, competing demand, learning and supply chain 
optimization, e.g. the use of advanced pre-treatment methods 
[43] or larger ships [18] are not covered in the scenarios. 


2.3.2. Non-EU biomass supply potential 

The future supply potential of extra-EU supply of solid biomass 
in the scenarios is based on actual trends of wood pellet production 
in major supply regions, press releases and market prognoses and 
scenario studies, mainly [34,35], The breakdown of the total supply 
potential of extra EU imports is shown in Fig. 3. 

In 2010, wood pellets to Europe where mainly supplied by Can¬ 
ada, the Southeastern region of the U.S., Northwest Russia [4], 
Although demand from competing regions in Asia (e.g. in South 



2.4. Biomass logistics 

2.4.1. Feedstock supply chains 

The operations required to move biomass from the field or for¬ 
est to end users depend on the type of biomass, e.g. herbaceous or 
woody biomass, the origin of supply, e.g. saw dust available at saw¬ 
mills or straw available at field sides and distance to the end user. 
Fig. 5 shows the biomass supply chains considered in this analysis. 
Herbaceous biomass sources (straw, switchgrass, miscanthus) are 
baled at field side and transported by truck to end users if used 
domestically (see Fig. 5, arrow (a)). If herbaceous biomass is 
exported internationally, bales are transported to a central gather¬ 
ing point (CGP) and pelletized before long distance transportation 
(c). Forestry biomass is chipped in the forest and transported by 
truck to end users, if used domestically, or transported to a CGP 
and either transported as chips (b) or pelletized before long dis¬ 
tance transportation if exported to other countries (c). The cost 
and GHG emissions of the logistic operations between field side 
and the CGP and domestic end users are calculated with an Excel 
tool. Long distance, international transportation is calculated with 
the BIT-UU model. 

2.4.2. Biomass pre-processing 

The techno-economic performance parameters of biomass pre¬ 
treatment (chipping, pelletization) are depicted in Table 1. The 
energy requirements and related GHG emissions for pretreatment 
are derived from the reports of the JRC [44] for willow crops and 
the European Commission [45], Chipping cost are based on 
Hamelinck et al. [19], The cost for pelletization are based on Thek 
and Obernberger [46], but corrected for inflation (Eurozone 
1.00 € 20 02 = 1 -09 € 20 06)- 
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g Green - X database (supply) 

Microsoft Excel 

BIT - UU model (ESRI ArcGIS Network Analyst) 

Fig. 4. Geographic distribution of biomass supply. Supply fractions per NUTS2 region are calculated relative to the total supply at the country level of herbaceous crops and 
short rotation coppice from the REFUEL project and forestry cover per country in Europe from EUROSTAT [37,39], 



Herbaceous crops 


Short rotation coppice 


Forestry biomass 


Fig. 5. Lignocellulosic biomass feedstock supply chains. 


2.4.3. International transportation 

The BIT-UU runs in ESRI’s ArcGIS Network Analyst extension 
and calculates the lowest cost routes between origins and destina¬ 
tions using an intermodal transportation network. Transport net¬ 
work layers (networks) in the BIT-UU model are derived from 
TRANS-TOOLS (“TOOLS for TRansport Forecasting ANd Scenario 
testing”), a decision support model for transport impact analyses 
[47]. TRANS-TOOLS includes major roads, rail (freight) and 6 clas¬ 
ses of inland waterways (IWW) in Europe. Short sea shipping 


(SSS) has been added to the BIT-UU model using the short sea ship¬ 
ping network data from RRG [48], The network model uses 4 differ¬ 
ent types of network data for each mode of transport (road, rail, 
IWW, SSS): 

• Transport network links. 

• Transport network nodes. 

• Terminal connectors. 

• Terminal nodes. 
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Cost and energy require 


M€ 

€/Mg b 

€1 Mg 

MJ/Mg 

MJ/Mg 

MJ/Mg 


le physical properties of the feedstock (mainly sa 


c The production cost differ per country due to variable energy prices. 


Network links represent existing transport networks (e.g. roads 
or rail lines) and attribute fields (the specifications that can be 
added to each individual link in the network dataset, e.g. distance, 
maximum allowed speed, tolls [49]) used to calculate the variable 
cost and GHG emissions per mode of transport. Transport network 
nodes are access/egress locations at network link locations, e.g. 
highway entrees or rail and inland waterway terminals. Fig. 6 dem¬ 
onstrates how different transport network link layers are con¬ 
nected via terminal nodes and terminal connectors. Terminal 
connectors connect transport network nodes with transfer 
terminals where biomass can be transloaded between different 
transport modalities, e.g. from truck to ship. The terminal connec¬ 
tors include attribute fields to calculate the cost and GHG emis¬ 
sions of loading and unloading of biomass. Terminal nodes 
represent intermodal facilities where biomass can be transloaded 
between different modes of transport. Terminal nodes are assumed 
to be located in the geographic centers of NUTS3 regions because 
the actual locations of the intermodal terminals are not included 
in the TRANS-TOOLS database. 

The intermodal transport route, depicted in Fig. 6, shows bio¬ 
mass transport by truck to an intermodal terminal facility where 
it is transferred to a ship, that has relatively low variable transport 
cost compared to a truck. Finally, biomass is transferred back to a 
truck to reach the destination. At longer overland transport dis¬ 
tances (>100 km), such an intermodal transport route is often cost 
effective over unimodal transport (single transportation mode), 
despite the additional fixed cost to transfer biomass between 
different modes of transport [12,19], 


2.4.4. Transport input parameters 

The cost and performance assumed for biomass transport per 
type of transport mode and transloading between each mode 
transport in the BIT-UU model are depicted in Table 2. Labor cost, 
based on hourly cost in Europe [51], excise duties and value added 
tax (VAT), based on transport statistics [52], are country specific 
(covered in Hoefnagels et al. [23]). The total specific cost of trans¬ 
port are in turn different in each country. For inland navigation 
(IWW), four ship types are included that depend on the size of 
the waterway following the ECMT (European Conference of Minis¬ 
ters of Transport) classification [53], 

2.5. Cost and GHG emissions 

The costs of solid biomass production and logistic operations 
required to supply biomass to final conversion capacity are calcu¬ 
lated using Eq. (1). Because no by-products are generated for the 
feedstock supply systems included in this analysis, Eq. (1) also 
applies to the GHG calculation before conversion to final energy 
(heat, electricity). 

Cfd = Ccult + Ch + Cprocl + Cn,2 + Cproc2 + Cj3 (1) 

With: 

Cf d = cost of biomass feedstock supply 

Ccult = cost for cultivation 

Q, = cost of harvest and collection 

On,2 = cost of transportation between the biomass supply 
source and CGP or end user if used domestically (50 km) 



Fig. 6. Intermodal transport network concept in the BIT-UU i 


1, adapted from [50], 
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C ra = cost of intermodal transportation between the CGP and 
end user (variable transport and fixed handling cost) 

Cproci = cost of processing at field side (e.g. baling, chipping) 
C P roc2 = cost of processing at CGP (pelletization). 

For each NUTS2 region of biomass supply and each NUTS1 
region of demand, the cost and GHG emissions of feedstock 
supply are calculated with the BIT-UU model. Based on the NUTS2 
geographic distribution of biomass, the weighted average trans¬ 
port cost from origin countries are calculated for each country 
and type of biomass. These countries to NUTS1 results are pro¬ 
cessed into country-to-country matrices by assuming that 50% 
will be supplied to the NUTS1 destination with the lowest cost 
of supply and 50% will be distributed equally among the destina¬ 
tions per country assuming average supply cost. 

The GHG reduction performance relative to the fossil reference 
systems for electricity and heat are calculated consistent with the 
methodology of the European Commission [45], The performance 
depends on the actual conversion efficiency and the type of bio¬ 
energy system (electricity, heat or CHP) as calculated endoge¬ 
nously in Green-X. For CHP systems, allocation by exergy is 
applied to calculate the system performance with the fraction of 
exergy in electricity set at 1.0. The fraction of exergy in useful 
heat generation is calculated with the Carnot efficiency as 
explained in detail in Annex I of COM(2010)11 [45], The fossil fuel 
comparators used in this analysis to calculate the GHG emissions 
of the biomass feedstock supply chains and fossil reference sys¬ 
tems used to calculate the GHG reduction performance are con¬ 
sistent with the parameters proposed by the European 
Commission [45] as shown in Table 3. 


S 

1 


g 

| 

2. 


I 

8 




3. Scenarios 

In this article, 4 scenarios are included that differ in renewable 
energy policy and are either without or with (‘bsc’) sustainability 
criteria for solid biomass (Table 4). 


3.1. Renewable energy support 




| | 
S’S’ 



& 

g The business as usual (BAU) scenarios assume a continuation of 

m the current national renewable energy support mechanisms and 

=3 policies with prevailing non-economic barriers. These non-eco- 

| nomic barriers include administrative deficiencies (e.g. a high level 

c of bureaucracy), diminishing spatial planning, problems associated 

'{§ with grid access, possibly missing local acceptance, or even the 

s nonexistence of proper market structures [57], In Green-X, this is 

2 parameterized in low diffusion settings of the diffusion curves. 

2 The diffusion rates are derived from an econometric assessment 

£ of past diffusion rates of renewable energy technologies. The 

.g strengthened national support (SNP) scenarios assume non-eco- 

.g nomic barriers to be mitigated meaning that the maximum growth 


Table 3 

GHG emission values of fossil fuels and fossil reference systems used to calculate the 
GHG saving performance of bioenergy generation [44,45], 


1 

Energy source/reference 

Total (direct + indirect) GHG emissions 
(gC0 2 -eqMJ-’) 

E? 

Diesel/MDO a 

87.4 

o 

Heavy fuel oil (HFO) 

85.0 


Electricity mix EU27 (fossil) b 

198.0 

1 

Heat c 

77.0 


“ Marine diesel oil (MDO) is assumed to have similar emissions to diesel. 
b For consistency reasons, the fossil electricity mix, used to calculate the GHG 
savings from biobased electricity generation, is also used in the GHG calculations of 


biobased supply chains. 

c Reference to calculate the GHG savings from biobased heat generation. 
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Overview of the scenarios at 




Scenario name 


BAU 


National renewable energy policies 
Fossil energy deployment 
Sustainability constraints for biomass 
Non-economic barriers mitigated 


Business as usual Business as usual Strengthened national support Strengthened national support 

Baseline (PRIMES) Baseline (PRIMES) High Renewables (PRIMES) High Renewables (PRIMES) 

No Yes No Yes 

No No Yes Yes 


rate of renewable energy deployment will be equal to best practices 
observed from the econometric assessment [28], Secondly, the 
renewable energy policy instruments and levels of support are 
increased or changed to meet the overall EU target of 20% renewable 
energy in gross final energy consumption in 2020. 

3.2. Sustainability criteria 

At the EU level, binding sustainability criteria have been set for 
liquid biofuels in the Directive 2009/28/EC [1] related to biodiver¬ 
sity, risks for carbon stock changes and agriculture management 
practices. Up to now, solid and gaseous biofuels used for the pro¬ 
duction of heat and electricity are exempted from EU wide binding 
sustainability criteria. In this analysis, the impact of EU wide sus¬ 
tainability criteria for solid biomass is assessed for a GHG threshold 
value in ‘bsc’ scenarios. In these scenarios, minimum GHG savings 
of 60% are required for solid biomass uses in electricity and heat 
generation which is consistent with the GHG savings from biofuels 
and bioliquids produced in plants that started production in 2017 
[ 1 ] and will potentially also be applied to electricity and heat gen¬ 
eration from solid biomass [58], 

The GHG threshold, as applied in the cases with sustainability 
criteria, takes into account emissions from biomass cultivation, 
processing, international trade and end use efficiencies as 
explained in Section 2.5. Thereby, possible carbon releases from 
forest harvesting (carbon debt) or land use change emissions are 
taken into account in calculating the GHG balance of the wood pel¬ 
let supply chains from outside the EU. In this context, Fig. 7 shows 
the assumed potentials for solid biomass imports to the EU27 as 
well as specific LCA GHG emissions by geographic origin. It should 


be noted that the underlying assumptions are highly uncertain, 
mainly as a result of data limitations. 


4. Results 

4.1. Feedstock supply cost 

Table 5 summarizes the average cost and ranges of feedstock 
supply at farm gate, the total cost of biomass if used domestically 
and the total supply cost if exported to other EU member states. 
These include the cost of pretreatment (chipping, baling, pelletiza¬ 
tion), transport and handling. The farm gate cost of wood process¬ 
ing residues (FR5) are cheapest (0.9-2.4 € GJ 1 ), but are assumed to 
need pelletization to improve the physical characteristics of saw¬ 
dust. Because the cost for pelletization add substantially to the 
total cost of biomass supply (over 3 € GJ 1 ), domestic supply of 
wood chips from forest residues (FR2) can be supplied at lower 
cost if used domestically. The average cost of wood chips are there¬ 
fore cost effective over wood pellets for intra-European biomass 
supply. For example, wood chips from forestry products (FP1) are 
on average 5.9 € GJ ’ compared to 8.1 € GJ -1 for wood pellets from 
the same feedstock in 2010. The upper cost levels of supply chains 
are the result of long distance, expensive transport routes between 
EU member states that will never be selected in the Green-X sce¬ 
narios, e.g. pellets from miscanthus cultivated in Sweden and 
exported to Spain (17.4€ GJ 1 in 2020). Pelletization of agriculture 
residues and grassy crops is cheaper (average 1.5 € GJ -1 ) than for¬ 
estry biomass (average 3.1 € GJ -1 ) because drying is only required 
for woody biomass. 
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Supply chain cost of domestic and Intra-European supply per biomass feedstock type (€ GJ 1 primary biomass). 


Feedstock 


Transported 

Year Feedstock 
(farm gate) 3 * * * * * 

Domestic 11 


Export 0 


AP4 (SRC willow) 


Chips 

2010 6.3 

5.7 - 7.1 

7.1 

6.4 - 

7.7 

9.1 6.8 - 

12.8 




2020 8.1 

7.3 - 9.0 

8.9 

8.0 - 

9.7 

10.9 8.4 - 

14.4 



Pellets 

2010 6.3 

5.7 - 7.1 




11.2 9.4 - 

13.9 




2020 8.1 

7.3 - 9.0 




13.1 11.1 - 

15.8 

AP5 (miscanthus) 


Bales/pellets d 

2010 8.2 

6.9 - 9.3 

9.0 

7.9 - 

10.0 

11.5 8.9 - 

14.8 




2020 10.4 

8.8 - 11.8 11.3 

9.9 - 

12.6 

13.9 10.8 - 

17.4 

AP6 (switch grass) 


Bales/pellets d 

2010 8.2 

6.9 - 9.3 

8.2 

5.2 - 

9.3 

10.7 6.6 - 

13.7 




2020 10.4 8.8 - 11.8 10.2 6.5 - 

11.7 

12.8 7.9 - 

16.1 

AR1 (straw) 


Bales/pellets d 

2010 3.0 

2.7 - 3.6 

3.8 

3.5 - 

4.3 

6.8 4.9 - 

9.5 




2020 3.7 

3.3 - 4.5 

4.7 

4.3 - 

5.2 

7.6 5.6 - 

10.4 

FP1 (forestry products 

- current use (wood chips, log wood) and FP2 (forestry products 

- Chips 

2010 5.2 

4.2 - 6.1 

5.9 

5.1 - 

6.6 

8.1 5.8 - 

12.2 

complementary fel 

lings (moderate)) 












2020 5.9 

4.8 - 6.9 

6.7 

5.7 - 

7.5 

8.9 6.5 - 

13.1 



Pellets 

2010 5.2 

4.2 - 6.1 




10.2 8.3 - 

13.0 




2020 5.9 

4.8 - 6.9 




11.1 9.2 - 

14.0 

FP3 (forestry products 

- complementary fellings (expensive)) 

Chips 

2010 7.6 

6.4 - 8.5 

8.3 

7.4 - 

9.0 

10.5 8.2 - 

14.3 




2020 8.6 

7.3 - 9.7 

9.4 

8.3 - 

10.2 

11.7 9.3 - 

15.5 



Pellets 

2010 7.6 

6.4 - 8.5 

11.0 

10.0 - 

11.8 

12.6 10.8 - 

15.1 




2020 8.6 

7.3 - 9.7 

12.2 

11.1 - 

13.1 

13.8 11.9 - 

16.4 

FR2 (forestry residues 

- current use) and FR3 (forestry residues - additional) 

Chips 

2010 2.6 

1.1 - 4.4 

3.4 

2.0 - 

4.7 

5.5 2.5 - 

10.1 




2020 3.0 

1.3 - 5.0 

3.8 

2.2 - 

5.4 

6.0 2.8 - 

10.8 



Pellets 

2010 2.6 

1.1 - 4.4 




7.6 5.2 - 

11.0 




2020 3.0 

1.3 - 5.0 




8.1 5.6 - 

11.7 

FR5 (additional wood 

processing residues (sawmill, bark) 

Pellets 0 

2010 1.6 

0.9 - 2.4 

4.5 

3.9 - 

4.9 

6.0 4.6 - 

8.4 




2020 1.9 

1.0 - 2.8 

4.9 

4.1 - 

5.4 

6.4 4.9 - 

8.9 

FR6 (forestry imports from abroad) 1 

Pellets 

2010 





6.3 





2020 





7.2 



3 Farm gate cost excluding processing (baling/chipping/pelletization). The feedstock cost vary per country. 
b Processing (baling/chipping/pelletization and transport of 50 km by truck). 

c Intra-European transport, based on lowest cost routes between countries. Emissions depend on distance and used transport modes (ship, rail, truck). 
d Bales for domestic use, if traded internationally, bales are transported by truck to a pelletization plant (50 km). Pellets are exported. 

' No chips available (part of this stream exists of saw dust). 

f The estimated costs are based on CIF ARA spot prices of wood pellets at 125 e 2 oio Mg~* (net calorific value: 18 MJ kg 1 ). 


: gas emissions related 


total supply i 


of domestic and Intra-EU supply ] 


feedstock type in Green-X (g. C0 2 -eq MJ 1 primary biomass). 


Feedstock category 


Transported Cultivation 3 Domestic International transport' 

as use b - 

2010 2020 


Average Range Average Range 


AP4 (SRC willow) 


Chips 


AP5 (miscanthus) 

AP6 (switch grass) 

AR1 (straw) 

FP1 (forestry products - current use (wood chips, log wood) 

FP2 (forestry products - complementary fellings 
(moderate)) 


Bales/pellets d 

Bales/pellets d 

Bales/pellets' 1 

Chips 

Pellets 

Chips 


FP3 (forestry products - complementary fellings Chips 

(expensive)) 

Pellets 

FR2 (forestry residues - current use) Chips 

FR3 (forestry residues - additional) Chips 

Pellets 

FR5 (additional wood processing residues (sawmill, bark) Pellets 0 


8.2 3.0 - 16.9 

16.7 13.1 - 22.9 

13.0 9.1 - 19.5 

13.0 9.1 - 19.5 

9.4 4.9 - 17.1 

7.2 2.0 - 15.9 

15.2 11.6 - 21.3 

7.2 2.0 - 15.9 

15.2 11.6 - 21.3 

7.2 2.0 - 15.9 

15.2 11.6 - 21.3 

6.2 1.1 - 14.9 

14.2 10.6 - 20.3 

6.2 1.1 - 14.9 

14.2 10.6 - 20.3 

9.5 5.9 - 15.5 


7.4 2.9 - 13 

16.2 13.0 - 20 

12.4 9.0 - 17 

12.4 9.0 - 17 

8.7 4.8 - 14 

6.4 1.8 - 12 

14.6 11.4 - 19 

6.4 1.8 - 12 

14.6 11.4 - 19 

6.4 1.8 - 12 

14.6 11.4 - 19 

5.4 0.8 - 11 

13.7 10.5 - 18 

5.4 0.8 - 11 

13.7 10.5 - 18 

8.9 5.7 - 13 


3 Emissions for cultivation and harvesting are allocated to primary wood products. The emissions for cultivation of forestry residues are therefore 0. Emissions for pre¬ 

processing (chipping) are covered in domestic and international uses. 

b Transport of 50 km by truck. 

c Intra-European transport, based on lowest cost routes between countries. Emissions depend on distance and used transport modes (ship, rail, truck). 

d Bales for domestic use, if traded internationally, bales are transported by truck to a pelletization plant (50 km). Pellets are exported. 

0 No chips available (part of this stream exists of saw dust). 
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Renewable energy deployment in the renewable energy scenario projections in the EU27 of Green-X compared to the deployment of renewable energy in the EU27 NREAPs for 
2020 [59], 



2010 

2020 







BAU 

BAU-bsc 

SNP 

SNP-bsc 

NREAP 3 

Electricity (PJy ') 


379 

707 

708 

945 

946 

834 

Biogas 

88 

199 

199 

232 

237 

230 

Solid biomass b 

227 

419 

420 

584 

581 

558 

Biowaste b 

Bioliquids b 

64 

90 

90 

128 

128 

46 

Hydro 

1274 

1344 

1344 

1352 

1352 

1306 

PV and solar thermal electricity 

129 

424 

424 

392 

394 

372 

Tide and wave and geothermal 

26 

44 

44 

48 

49 

63 

Wind 

646 

902 

902 

1763 

1780 

1779 

Total renewable electricity 

2455 

3420 

3421 

4500 

4522 

4339 

Total gross final consumption 

11,895 

13,593 

13,593 

13,051 

13,051 

12,708 

Share 

20.6% 

25.2% 

25.2% 

34.5% 

34.6% 

34.1% 

Share biobased 

3.2% 

5.2% 

5.2% 

7.2% 

7.3% 

6.6% 

Heating and cooling (PJ y ’) 

Biomass 

2711 

3290 

3290 

3700 

3682 

3763 

Biogas 

49 

113 

113 

125 

128 

187 

Solid biomass b 

2,538 

3,014 

3,014 

3,354 

3,334 

3,391 

Biowaste b 

123 

164 

164 

220 

220 

185 

Heat pumps, geothermal, solar thermal 

154 

272 

272 

492 

506 

841 

Total renewable heating or cooling 

2865 

3562 

3562 

4192 

4189 

4672 

Total gross final consumption 

23,502 

23,873 

23,873 

21,869 

21,869 

21,796 

Share 

12.2% 

14.9% 

14.9% 

19.2% 

19.2% 

21.4% 

Share biobased 

11.5% 

13.8% 

13.8% 

16.9% 

16.8% 

17.3% 

Transport x (PJ y 1 ) 

First generation biofuels 

491 

460 

460 

431 

430 

677 

Second generation biofuels 

0 

91 

91 

152 

152 

97 

Imported biofuels 

125 

287 

287 

479 

479 

462 

Total renewable biofuels 

616 

838 

838 

1062 

1062 

1236 

Total gross final consumption 

14,617 

15,542 

15,542 

14,328 

14,328 

13,078 

Share biobased 

4.2% 

5.4% 

5.4% 

7.4% 

7.4% 

9.5% 

Total (PJy 1 ) 

Total renewable energy 

5936 

7820 

7821 

9754 

9772 

10,247 

Of which biobased 

3706 

4835 

4836 

5706 

5690 

5833 

Total gross final consumption 

50,015 

53,008 

53,008 

49,248 

49,248 

49,794 

Share 

11.9% 

14.8% 

14.8% 

19.8% 

19.8% 

20.6% 

Share biobased 

7.4% 

9.1% 

9.1% 

11.6% 

11.6% 

11.7% 


a NREAP data is derived from the Renewable Energy Projections Table 1 (Additional Energy Efficiency Scenario), 10, 11,12 [59], 
b Solid biomass in the NREAP also covers organic wastes. Renewable electricity, heating and cooling from liquid biomass are not covered in Green-X. 
c Excluding renewable electricity transport. 


The GHG emissions of the feedstock supply chains at farm gate 
(cultivation) and including transport for domestic uses and ranges 
if exported to other EU member states are depicted in Table 6. 
Wood pellets from short rotation coppice (willow) have the highest 
emissions, mainly resulting from pelletization and transportation if 
used internationally. However, the upper limit of the GHG ranges 
in Table 6 (22.9 g C0 2 -eq MJ ') still meets the GHG saving thresh¬ 
old value of 60%, as imposed in the BAU-bsc and SNP-bsc scenarios, 
if used for electricity generation with a net conversion efficiency of 
30%. 

4.2. Renewable energy deployment 

The scenarios evaluated in this study are compared with the 
national renewable energy deployment as provided in the NREAPs 
(Table 7). A larger set of Green-X scenario results and sensitivity 
cases is provided in Ragwitz et al. [9], With a continuation of cur¬ 
rent support policies, the BAU scenarios show that the share of 
renewable energy in gross final energy consumption in the EU27 
will remain below 15% in 2020 if no further actions are taken by 
EU member states. Some countries, including Austria, Sweden 
and Finland, are projected to meet their targets with current 


policies in the BAU scenarios [9], but other member states show 
large gaps between the national renewable energy targets and 
the results of the BAU scenarios. These include, amongst others, 
Italy, Belgium, the Netherlands and the UK, that have become 
major importers of solid biomass from outside the EU [5]. 

Note that the gross final energy demands in the BAU scenarios, 
based on the PRIMES reference scenario, is higher than in the final 
energy demand in the NREAPs. The PRIMES High Renewables sce¬ 
nario that underlies the gross final energy demand projections in 
the SNP scenario projections, is more consistent with the NREAPs. 
Also, the biobased share in gross final energy supply in the SNP sce¬ 
nario (11.6% biobased) as well as the bioenergy contributions in 
electricity, heat and transport are within similar ranges to the 
NREAP (11.7%). Green-X does however project larger amounts of 
advanced biofuels (152 PJ y ' in SNP compared to 97 PJ y 1 in the 
NREAPs), but this will not affect the total amount of lignocellulosic 
biomass substantially compared to the demand for heat and 
electricity. 

At member state level, the differences between the projections of 
the individual member states in the NREAPs and the Green-X calcu¬ 
lations are larger as shown in Fig. 8 for the projected growth in 
renewable energy generation (electricity, heat, 2nd generation 
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products remain largely used for heating purposes in households 
and are for a large extent supplied form domestic resources. This 
resource category is difficult to mobilize for other markets due to 


the decentralized supply. Furthermore, large amounts of these 
wood products are used by the producers, i.e. private owners 
themselves or traded on informal markets [60], 




-30 



DE FR SE UK PL FI IT ES AT RO DK NL CZ PT BE HU SK BG GR LT LA SI EE IE LU CY MT 


■ BAU ■ BAU-bsc ■SNP aSNP-bsc -2010 

Fig. 12. Domestic production, import from non-EU countries and net import from EU countries in the Green-X scenario projections for 2020 compared to domestic biomass 
production and net domestic consumption in 2010 (markers). 
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DE FR SE UK PL FI IT ES AT RO DK NL CZ PT BE HU SK BG GR LT LA SI EE IE LU CY MT 


■ BAU ■ BAU-bsC ■ SNP ■ SNP-bsc 


Fig. 13. Exploitation of domestic biomass supply potentials in the Green-X scenario projections for 2020. 


Table 8 

Biomass imports in the BAU-bsc and SNP-bsc scenarios in 2015 and 2020. 


BAU-bsc SNP-bsc 

2015 2020 2015 2020 


Total imported biomass 
Of which intra-EU 
Of which extra-EU 
Total imported biomass in 
WPE b 

Of which intra-EU 
Of which extra-EU 
Key importing countries 
of EU biomass 
Key importing countries 
of non-EU biomass 


356 


250 

19.8 


426 

122 

304 

23.6 


Tgy- 1 4.5 2.5 5.9 2.5 6.8 

Tgy- 1 3.2 6.4 13.9 6.5 16.9 

DI<: 44%, IT: 16%, SE: AT: 36%, DE: 30%, RO: AT: 44%, DE: 13%, RO: DE: 30%, AT: 27%, RO: DE: 25%, AT: 17%, RO: 

9%, Others: 30% 8%, Others: 19% 11%, Others: 22% 22%, Others: 17% 15%, Others: 30% 

UK: 28%, NL: 25%, BE: DE: 46%, UK: 11%, BE: DE: 50%, UK: 10%, BE: DE: 49%, FR: 9%, UK: 9%, DE: 51%, UK: 8%, IT: 8%, 

12%, Others: 35% 9%, Others: 26% 10%, Others: 23% Others: 27% Others: 27% 


a Wood pellet trade, based on EUROSTAT statistics of wood pellet imports (CN code 44013020) [61], 
b Wood pellet equivalent (18 MJ kg-'). 


4.4. Solid biomass supply and trade 

Domestic supply of biomass remains the main source of 
bioenergy generation in the EU27 in all scenarios. However, the 
role of internationally traded biomass sources is projected to 
become increasingly important as a result of growing biomass 
demand (Figs. 9 and 10). Fig. 11 depicts the trends in bioenergy 
trade in the EU27 according to the scenarios. In total, intra-EU 
and extra-EU trade of solid biomass is projected to increase to 
between 373 PJ (BAU-bsc) and 506 PJ (SNP) equivalent to 
between 21 Tg and 28 Tg wood pellets. The strongest growth is 
projected for imports of solid biomass from outside the EU27. 
Compared to current imports of wood pellets to the EU27 
(4.6 Tg in 2012), imports of solid biomass are projected to 
become 3.2 times larger (15 Tg WPe) in the BAU-bsc scenario to 
4.7 times larger (22 Tg WPe) in the SNP scenario in 2020. Intra- 
EU trade of solid biomass is highest in the SNP-bsc scenario 
(122 PJ in 2020, 6.8 Tg WPe), but the differences between the sce¬ 
narios remain small up to 2020. In the scenarios, in which sus¬ 
tainability regulations are assumed, total imports of extra-EU 
biomass are 18% (SNP-bsc scenario) to 24% lower (BAU-bsc sce¬ 
nario) compared to the same scenarios without biomass sustain¬ 
ability criteria resulting from the exclusion of resources that do 
not meet the GHG saving performance. 

Fig. 12 depicts the domestic production, extra-EU imports and 
net intra-EU imports (import-export) of biomass per EU member 
state according to the scenario projections for 2020. Countries are 
ranked based on the net domestic consumption in the scenarios. 
Domestic biomass production and consumption show consistent 
patterns between individual member states. Overall, biomass 


consumption is about 20% higher in the SNP and SNP-bsc scenarios 
compared to the BAU and BAU-bsc scenarios. 

Germany, France and Sweden remain the largest consumers of 
biomass for bioenergy, consuming 44% of the total primary bio¬ 
mass demand in the EU27 in 2010 and 40-44% in 2020. 

By 2020, key exporting regions of EU biomass include central 
and eastern European countries (Bulgaria, Czech Republic, Hun¬ 
gary, Poland, Slovakia, Slovenia) where cheap resources of biomass, 
such as straw, are abundantly available and forestry rich countries 
in the Baltic states (Estonia and Latvia). Key regions of intra-EU 
biomass imports are Germany, with largest imports from Poland 
and the Czech Republic (mainly agriculture residues) and Austria, 
with largest imports from Slovenia and Hungary (forestry products 
and agriculture crops). 

The exploitation of domestic biomass resources in the scenarios 
for 2020 are depicted in Fig. 13. The total exploitation of the eco¬ 
nomic-implementation potential of domestic biomass resources 
is highest in forestry rich countries including Finland and Sweden, 
but remains below 86%. In Germany, 71-76% of the domestic 
potential is projected to be exploited in 2020 demonstrating that 
it is more cost effective to import biomass than using more expen¬ 
sive domestic resources such as forestry products or energy crops. 
Similarly, the total exploitation of the supply potential of non-EU 
biomass sources is projected to be 47% in the BAU-bsc scenario 
to up to 69% in the SNP-bsc scenario in 2020. 

4.5. Biomass trade routes 

Total intra-EU and extra-EU imports of solid biomass to the 
EU27 for the BAU-bsc and SNP-bsc scenarios are summarized in 
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BAU-bsc 2015 


BAU-bsc 2020 




Fig. 14. Net biomass trade flows BAU-bsc scenario.6F. (EU member states are clustered in 15 regions to improve readability: Baltic States (Estonia, Latvia, Lithuania), 2. 
Benelux (Belgium, Netherlands, Luxembourg), 3. Spain, Portugal, 4. Bulgaria, Romania, 5. Czech Republic, Slovakia, 6. Ireland, United Kingdom, 7. Cyprus, Greece, 8. Italy, 
Malta, 9. Austria, Slovenia, 10. Denmark, Sweden, 11. Finland, 12. Hungary, 13. France, 14. Poland, 15. Germany (The Green-X model does provide results for each country and 
biomass type if more detailed analyses are required).). 


SNP-bsc 2015 


SNP-bsc 2020 




Fig. 15. Net biomass trade flows SNP-bsc scenario. (EU member states are clustered in 15 regions to improve readability: Baltic States (Estonia, Latvia, Lithuania), 2. Benelux 
(Belgium, Netherlands, Luxembourg), 3. Spain, Portugal, 4. Bulgaria, Romania, 5. Czech Republic, Slovakia, 6. Ireland, United Kingdom, 7. Cyprus, Greece, 8. Italy, Malta, 9. 
Austria, Slovenia, 10. Denmark, Sweden, 11. Finland, 12. Hungary, 13. France, 14. Poland, 15. Germany. (The Green-X model does provide results for each country and biomass 
type if more detailed analyses are required).) 


Table 8 and compared to imports of wood pellets in 2011 according 
to EUROSTAT [61], Net intra-EU trade of solid biomass in Green-X 
is projected to be 1.1 Tg in 2011 (Fig. 11) compared to 4.5 Tg in 
2011 for trade of wood pellets according to EUROSTAT import sta¬ 
tistics. These results show that Green-X underestimates intra-EU 
trade flows of solid biomass. The difference becomes larger if also 
other types of solid biomass trade would be considered (e.g. wood 
chips and fuelwood) [6], Due to the underestimation of current 


intra-EU trade of solid biomass in Green-X, results for intra-EU 
imports of solid biomass in 2015 (2.5 Tg) are still below current 
wood pellet trade figures. 

The projected intra-EU and extra-EU biomass solid biomass 
trade flows are depicted for the BAU-bsc scenario in Fig. 14 and 
for the SNP-bsc scenario in Fig. 15. The non-EU origins in Fig. 14 
and in Fig. 15 represent the aggregated imports from all non-EU 
regions available in this analysis including North America, South 
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America, Africa, Russia and Ukraine. Almost all EU member states 
are projected to import solid biomass from outside the EU in 
2020, but the main importing countries of extra-EU solid biomass 
are Germany, France, the UK, Belgium and Italy. Total imports of 
extra-EU solid biomass to the Netherlands, the second largest 
importing country of non-EU biomass in (25% of total extra-EU 
wood pellet imports), is projected to remain relatively constant 
(0.9 Tg WPe in 2020 in the SNP-bsc scenario). In comparison, total 
solid biomass import to the Netherlands in 2011 was 1.4 Tg 
according to IEA Task 40 statistics [62] and 0.8 Tg in 2011 accord¬ 
ing to EUROSTAT. With Germany, currently a net exporting country 
of wood pellets, becoming the largest importing country of extra- 
EU biomass according to the scenarios, these model projections 
indicate that the role of biomass trade in individual member states 
might be overestimated (Germany) and underestimated (the Neth¬ 
erlands) by the Green-X model. 


5. Discussion 

5.1. Methodology and input data 

The scenarios in this article are used to demonstrate the capa¬ 
bilities of the modeling framework and the results of the scenario 
projections for biomass trade should therefore be considered indic¬ 
ative. The scenario assumptions for biomass supply are limited to 
one set of fixed, predefined biomass supply and costs for European 
and non-European biomass because Green-X does not include a 
land use and forestry module. Effects of technological learning in 
harvesting and transport, scale and possible imbalances in supply 
and demand could affect biomass feedstock prices substantially, 
but are not taken into account. Therefore, the results do not cover 
the uncertainties inherent to future biomass supply and costs and 
related ranges of biomass trade. For European biomass sources, it is 
relevant to evaluate the possible competition between the addi¬ 
tional supply potentials in Central and Eastern Europe that might 
become available at competitive cost to imports of solid biomass 
from extra-EU countries if agriculture sectors are to be reformed 
in these regions, for example by targeted agriculture policies. 

Furthermore, the predefined biomass supply mix, cost and land, 
in particular of energy crops, also influences the deployment 
potentials of end conversion options available to the Green-X opti¬ 
mization scenarios that could be sub-optimal. For example, land 
used for the production of 1st generation energy crops cannot be 
used for the production of lignocellulosic crops. The REFUEL project 
[36,37] has demonstrated that different land use, agriculture man¬ 
agement practices and crop choices, can have a large impact on the 
cost and supply potential of dedicated crops and agriculture resi¬ 
dues available for bioenergy generation. Note though that up to 
2020, electricity and heat remain the main markets of lignocellu¬ 
losic biomass largely supplied from forestry products, forestry res¬ 
idues and agriculture residues that are cheaper than dedicated 
energy crops. Therefore, the scenarios are only marginally affected 
by land use and crop allocation. Beyond 2020, diffusion of 2nd gen¬ 
eration biofuels and growing competition for lignocellulosic bio¬ 
mass sources, increases the relevance for energy crops and 
therefore the importance of optimal crop selection procedures. 

The results of this study show that biomass imports from out¬ 
side the EU are larger than intra-European biomass trade. The cur¬ 
rent representation of non-EU biomass in the Green-X model is 
however highly aggregated compared to intra-EU biomass trade. 
Lamers et al. [42] have assessed the supply potential of solid bio¬ 
mass from outside Europe for multiple types of biomass (wood pel¬ 
lets, agriculture residues) from multiple regions under different 
sustainability criteria and scenarios. Similarly, the Green-X bio¬ 
mass trade module could be further extended with more regions 


of non-EU biomass supply as well as different types of biomass 
and the implied cost and GHG emissions. 

With respect to the BIT-UU model, the cost and GHG emissions 
of biomass logistics are the result of the assumed performances of 
the different modes of transport (road, rail, inland waterways and 
sea) and assumed net load capacities (including empty returns) as 
well as pretreatment options and resulting bulk energy densities of 
raw biomass and transported intermediates. This study assumes 
that woody biomass is transported after processing into wood 
chips or biomass pellets. More advanced pretreatment options, 
including torrefaction [43] and pyrolysis oil [63] as well as 
transport of liquid biofuels result in higher bulk energy densities 
and improved handling properties and reduces transport cost. 
Extension of the BIT-UU model with transport of advanced inter¬ 
mediates and biofuels would provide insight in possible options 
to reduce cost and improve the GHG performance of biomass sup¬ 
ply chains. 

The cost and GHG emissions of biomass supply chains are 
assumed to be similar for all end use sectors. In reality, the supply 
chains of bulk, industrial markets, e.g. co-firing in coal power plants, 
CHP and district heating are different from residential, decentralized 
markets of wood pellets. Wood pellets for residential and decentral¬ 
ized uses of wood pellets are often sold in economy bags (500- 
1000 kg) or small bags (15-25 kg) via retailers [64] whereas large 
(coal) power plants are often located close to sea terminals or inland 
waterways for efficient fuel supply and cooling purposes and handle 
wood pellets in bulk. Current imports from overseas locations are 
therefore mainly used for electricity generation in Northwest Eur¬ 
ope rather than small scale decentralized uses. Because large indi¬ 
vidual power plants can add substantially to the demand of solid 
biomass, it is important to add these locations and logistic network 
connections to the model as applied in Lamers et al. [42], Similarly, 
the representation of cost and GHG implied by distribution to decen¬ 
tralized end users should be improved to model competition 
between domestic supply and imports from intra-EU and extra-EU 
resources. 

5.2. Bioenergy deployment and trade 

The Green-X model results for bioenergy deployment in heat, 
electricity and transport sectors of the SNP and SNP-bsc scenarios 
meet the fulfillment of the 20% renewable energy targets in 2020 
and can be compared with the NREAPs submitted by EU member 
states in 2011. At the EU level, the SNP scenario projections for bio¬ 
based energy generation with Green-X match with the renewable 
energy trajectories of the NREAPs. At EU member state level how¬ 
ever, there are some major differences between the Green-X 
results and expectations from individual member states and other 
available studies. For countries that already rely for a large extent 
on imported biomass sources, including the UK and the Nether¬ 
lands, solid biomass electricity generation appears to be conserva¬ 
tive. This can be partly explained by the substitution approach in 
the Green-X. The approach used in Green-X builds on general dif¬ 
fusion theory that new commodities or technologies generally fol¬ 
low an S-shaped pattern [28], For co-firing or conversion of coal 
power plants, the assumed substitution rate might be too low or, 
possibly, the diffusion approach does not reflect the substitution 
pathway of this technology correctly. It should be noted however 
that policies relevant for electricity generation from solid biomass 
in these countries have been subject to changes recently. For 
example, the Netherlands has set a maximum contribution of 
renewable energy generation from co-firing to 25 PJ in 2020 
(6.9 TW h) [65], This is still above the projected electricity genera¬ 
tion from solid biomass in the Green-X SNP scenario (4.5 TW h in 
2020), but below the anticipated share of co-firing in the NREAP 
of the Netherlands (8.4 TW h in 2020) and model projections from 
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ECN [66], For the UK, Green-X projects that electricity generation 
from solid biomass will increase to 11.2 TWh in 2020 compared 
to 20.6 TW h in the NREAP and 25.5 TWh in the NPOL scenario of 
Lamers et al. [42], It is therefore expected that far more woody bio¬ 
mass will be imported by the UK to fuel large coal power plants 
that are or will be converted to biomass, e.g. Drax [42], 

In contrast, bioenergy deployment in Germany, the key import¬ 
ing region of biomass according to the Green-X scenarios, appears 
to be too optimistic. In 2010, Germany was still a net exporting 
country of wood pellets (500 Gg in 2010) [41] and wood pellets 
are only used for heating systems supported via tax exemptions 
or investment grants [67], The German feed-in tariff system in 
the Renewable Energy Act (EEG) only supports small scale biomass 
CHP systems (up to 20 MW electricity). Electricity generation from 
solid biomass is projected to increase to 31.5 TW h in 2020 in the 
SNP scenario compared to 24.6TWh in the NREAP of Germany 
and 22.1 TWh in the NPOL scenario in Lamers et al. [42] for 
2020. Note however that biomass imports to Germany in the 
Green-X projections are mainly used for heat generation (86% of 
imported biomass is used for heat generation in the SNP scenario 
for Germany in 2020). Potentially because (international) supply 
chains of solid biomass used for decentralized heat markets are 
not properly addressed in the current modeling framework. Also 
in the NREAP of Germany imports of biomass are anticipated. Ger¬ 
many expects that about 400 PJ of total biomass (electricity, heat, 
transport) needs to be imported in 2020 [9] compared to 188 PJ 
in the SNP scenario in 2020. Also for Austria, imports of biomass 
are anticipated in the NREAP with imports of solid biomass from 
neighboring countries (29 PJ in 2020) and import of vegetable oils 
from countries in the Danube region (19 PJ in 2020) [9], 

5.3. Sustainability criteria 

At the EU level, binding sustainability criteria have been set for 
liquid biofuels in the Directive 2009/28/EC [1] related to biodiver¬ 
sity, risks for carbon stock changes and agriculture management 
practices. Up to now, solid and gaseous biofuels used for the pro¬ 
duction of heat and electricity are exempted from EU wide binding 
sustainability criteria. At the national level, some individual mem¬ 
ber states have set binding criteria for solid biomass with their 
renewable energy support schemes, including Belgium and the 
United Kingdom [68], Also in the Netherlands, sustainability crite¬ 
ria are considered [65], Furthermore, voluntary schemes have been 
developed in close relation with energy utilities, e.g. Green Gold 
Label (GGL), NTA8080, Laborelec), or are still under development, 
e.g. the Initiative Wood Pellet Buyers/Sustainable Biomass Partner¬ 
ship (IWPB/SBP) [68,69], 

Sustainability certification systems, both national and voluntary 
have their own individual scope in terms of markets and geogra¬ 
phy, criteria and indicators. Inconsistencies and possible conflicts 
between different sustainability certification systems could have 
a disruptive effect on biomass markets, especially for international 
trade of solid biomass. The European Commission is therefore pro¬ 
posing binding, harmonized sustainability criteria at the EU level 
that might include minimum GHG saving targets of 60% [58], sim¬ 
ilar to the BAU-bsc and SNP-bsc scenarios in this article. The 
impact of the additional cost and GHG restrictions in the BAU- 
bsc and SNP-bsc scenario projections remains limited compared 
to the scenario projections without these criteria applied (BAU, 
SNP). Van Stralen et al. [2] found significant effects of sustainability 
criteria on the deployment of bioenergy in the EU27 to 2020 and 
beyond decreasing with over 14% compared to the reference sce¬ 
nario. The impact of sustainability criteria in van Stralen et al. [2] 
applies mainly to biofuels by reduced supply of 1st generation 
energy crops. Sustainability criteria for biofuels are not assessed 
explicitly in this article. 


The impact of sustainability criteria on the total cost and supply 
of biomass is difficult to quantify and there are few studies that 
have addressed these topics. Smeets et al. [70] assessed the impact 
of sustainability criteria on the procurement cost and supply poten¬ 
tial of short rotation coppice production in Ukraine and Brazil. With 
sustainability criteria applied, the weighted average cost could 
increase with 0.7 € GJ 1 in Brazil and 0.3 € GJ 1 in Ukraine, mainly 
as a result of additional labor cost. Sikkema et al. [72] assessed 
the impact of sustainable forest certification on the cost and supply 
of forestry biomass for bioenergy purposes. Although part of the 
supply potential cannot meet the sustainability criteria, the impact 
on supply cost remains small. Furthermore, the assumed cost of 
wood pellet imports from outside the EU are based on current wood 
pellet prices of which the major share is already certified [72], 

6. Conclusion 

This article describes the development of a modeling frame¬ 
work to assess the role of biomass and international biomass trade 
for bioenergy in context of renewable energy deployment scenar¬ 
ios for the EU27. With the extension of international biomass trade, 
the Green-X model fits multiple purposes. It can be used by 
researchers and policy makers, both at national levels and Euro¬ 
pean level, to evaluate current and future policies to 2020 and 
beyond. It serves to assess renewable energy deployment and 
related GHG emission reduction pathways, implied cost and 
required resources. Furthermore, the model enables the identifica¬ 
tion of possible weak spots or opportunities in sustainable use of 
domestic and imported biomass resources. For investors and 
industrial stakeholders, results allow for identifying business 
opportunities or investment risks in biomass supply, logistic facil¬ 
ities and bioenergy conversion systems. 

In all scenarios, domestic supply of biomass remains the largest 
source of bioenergy in the EU27 to 2020, but traded biomass is pro¬ 
jected to become increasingly important, increasing from 2% in 
2010 to 7% to 9% in 2020. Intra-EU trade is projected to increase 
up to 122 PJ in the SNP-bsc scenario in 2020, equivalent to 6.8 Tg 
wood pellets. The strongest growth is foreseen for extra-EU bio¬ 
mass imports that are projected to become 266 PJ (15 Tg WPe) in 
the BAU-bsc to 389 PJ (22 Tg WPe) in the SNP scenario or equiva¬ 
lent to 3.2-4.7 times the imports of wood pellets in 2012. 

It is important to note that the model-based scenarios only assess 
possible effects of the demand side with changes in support policies 
and mitigation of non-economic barriers. Future biomass supply 
and cost are highly uncertain, especially the interaction between 
extra-EU cost and supply versus the cost and supply of domestic 
resources in the EU27. With a single fixed set of biomass cost and 
supply, as used in this analysis to demonstrate the capabilities of 
the extended Green-X model, the results of biomass supply demand 
and trade in this article should therefore be considered illustrative. 

The spatial explicit approach to represent biomass trade routes 
in the renewable energy model Green-X demonstrated in this arti¬ 
cle forms a basis for further research. There are key topics to 
improve the modeling framework and to assess the potential role 
of international biomass supply, demand and trade. These include 
the improvement of the economic potentials, dynamics and geo¬ 
graphic resolution of biomass supply in the EU, the potentials 
and logistics of biomass supply outside the EU and the addition 
of other demand sectors such as biobased chemicals. 

Appendix A 

A.l. Biomass resource potentials 

Biomass resources for bioenergy can be categorized in three 
main categories: biomass residues and organic wastes, surplus for- 
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Theoretical potential 
Technical potential 
Market/Economic potential 
Ecologically Sustainable potential 
Implementation potential 


Fig. A.l. Overlap between theoretical, technical and market potentials with chart 
areas illustrating the relative amounts of biomass potentials [33], 

estry and biomass produced via cropping systems (dedicated 
energy crops) [73], For each of these categories, key factors have 
been identified that determine the total potential, but future esti¬ 
mations of the biomass resource potential, both from domestic 
sources within the EU and available from outside the remain highly 
uncertain. These include policy and market conditions as well as 
developments in agriculture, forestry and their related markets 
(e.g. food, feed, timber, pulp products) [74], Studies that assess 
resource potentials of biomass basically distinct three types of 
potentials in hierarchic order [74-76]: 

• Theoretical potentials (the supply potential only limited by bio¬ 
physical conditions). 

• Technical potentials (part of the theoretical potential limited by 
technical and non-technical constraints as well as competition 
with other land uses). If environmental constraints are included 
to the technical potential, e.g. biodiversity, soil and water, the 
fraction is typically referred to as sustainable potential. 

• Market (economic) potentials (part of the technical potential 
that is economically feasible to produce and mobilize under 
market conditions, e.g. fossil fuel prices, other renewable tech¬ 
nologies, C0 2 prices). 


be implemented in a certain time frame, it is defined as the imple¬ 
mentation potential [33], Fig. A.l illustrates the hierarchic order 
and overlap between the different types of biomass potential. 
The horizontal and vertical axes are dimensionless, but could e.g. 
represent ecological criteria or supply costs versus the potential 
biomass availability. Ideally, the role of bioenergy should be 
assessed taking into account the variability and uncertainties from 
environmental, socio-economic and technical conditions that 
determine and constrain the potential of biomass that is available 
for bioenergy purposes. However, biomass in Green-X requires 
predefined commodity specific implementation-economic 
potentials [32], This implies that assumptions have to be made 
on policy incentives, e.g. subsidies for energy crop cultivation, 
types of agriculture management and harvest technologies applied. 
The main implication of this approach, with crop cultivation not 
internalized in the Green-X model calculations, is that Green-X 
cannot optimize for crop type production. In the REFUEL project, 
de Wit et al. [37,77] demonstrated that selecting high yield crop 
types in Europe, i.e. energy grasses and short rotation coppice, 
increases the economic potential of dedicated energy crops 
substantially. 


A.2. Energy crop potentials in the EU27 


To show the consequences of the assumptions underlying the 
implementation-economic potentials of biomass resources in 
Green-X, the potentials are compared to the biomass potentials 
of the REFUEL project [36,77] and the biomass potential estimated 
by individual EU member states in Table 7 of the NREAPS. Fig. A.2 
depicts the potential of dedicated energy crops in the EU27 for 
Green-X and NREAPs (columns) and REFUEL (markers). The mark¬ 
ers for REFUEL show the potential for the same crop mix as 
assumed in Green-X produced on available arable land. The crop 
mix in Green-X is depicted in Fig. 6 and includes rapeseeds, 


Total EU27: 

2010 Green-X: 2.0 EJ 

REFUEL: 2.2EJ (1.1 -4.2.0 EJ) 

REFUEL: 4.2EJ (1.8-6.8.0 EJ) 


■ NREAP 2020 
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